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A common consequence of viral infection is perturbation of host cell nuclear functions. For cytoplasmically
replicating viruses, this process may require regulated transport of specific viral proteins into the nucleus.
Here, we describe a novel form of virus-induced perturbation of host cell nuclear structures. Active signal-
mediated nuclear import of the reovirus o1s protein results in redistribution of nuclear pore complexes and
nuclear lamins and formation of nuclear herniations. These herniations represent a previously undescribed
mechanism by which cytoplasmic viral infection can perturb nuclear architecture and induce cytopathic effects,
which ultimately lead to disease pathogenesis in the infected host.

Mammalian reoviruses provide an important experimental
model for understanding viral pathogenesis and virus-host in-
teractions at a cellular level (40). Although reovirus replication
occurs in the cytoplasm, infection disrupts a variety of host cell
nuclear functions, resulting in a virus-induced cytopathic effect
in infected cells and tissue injury in the infected host. For
example, reovirus infection results in activation of specific cel-
lular signaling pathways and their associated transcription fac-
tors (4-6), alteration of host cell gene expression (9, 30), per-
turbation of cell cycle regulation (31, 32), and induction of
apoptosis (40, 41).

The mechanisms responsible for reovirus-induced alteration
of nuclear function and the viral genes and proteins involved
are only beginning to be characterized. For example, reovirus-
induced inhibition of host cellular proliferation results from a
cell cycle arrest at the G,/M checkpoint (32). Studies using a
mutant reovirus and protein expression studies indicate that
ols, a nonstructural protein encoded by the reovirus S1 gene,
is necessary and sufficient for reovirus-induced G,/M cell cycle
arrest (32). ols-mediated changes in cell cycle regulation are
associated with changes in the activities and phosphorylation
states of key G,/M-regulatory kinases, including p34 (cdc2)
(31).

Like reoviruses, many other viruses perturb cell cycle regu-
lation and other host cell nuclear functions, presumably in
order to promote an optimal environment for viral replication.
These viral effects on host cell nuclear functions can be medi-
ated through a variety of mechanisms, including alteration of
nuclear architecture (17, 18, 26, 37), disruption of nucleocyto-
plasmic transport pathways (12, 14, 27, 28), and induction of
nuclear herniations (10). For cytoplasmically replicating vi-
ruses, the nuclear envelope (NE) acts as a protective boundary
preventing indiscriminate interaction between cytoplasmic vi-
ral proteins and the nucleus. The NE consists of the outer and
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inner nuclear membranes, nuclear pore complexes (NPCs),
and the underlying nuclear lamina. The nuclear lamina orga-
nizes the distribution of NPCs (20), provides shape to the
nucleus (39), and plays a role in chromatin organization (16).
Embedded within the NE are large multiprotein NPC struc-
tures that regulate bidirectional macromolecular traffic be-
tween the nucleus and cytoplasm in eukaryotic cells. One
mechanism by which viral proteins can traverse the NE is
through active nucleocytoplasmic transport. This process can
be mediated by the binding of cellular nuclear transport re-
ceptors (importins) to specific nuclear localization signals
(NLS) in viral proteins. The viral protein complex docks at the
cytoplasmic face of the NPC, following which the viral cargo is
imported through the NPC and into the nucleus. Once inside
the nucleus, viral proteins can interact with specific nuclear
structures (15, 28, 44), nuclear proteins (19, 45), or chromatin
(22, 35) to alter nuclear function.

Early immunocytochemical studies suggested that o'1s could
be detected in the nucleus during reovirus infection (1, 34);
however, definitive evidence of ols nuclear localization, the
mechanism by which this occurs, and its potential effects on
nuclear function have been lacking. We now show that reovirus
ols is actively localized to the nucleus, utilizing a previously
unrecognized NLS. Nuclear localization of ols induces pro-
found structural defects in chromatin, disrupts nuclear lamina,
and induces clustering of NPCs and the formation of nuclear
herniations. These effects represent a novel type of virus-in-
duced damage to host cell nuclear architecture, which provides
a previously undescribed mechanism by which a cytoplasmi-
cally replicating virus can perturb nuclear function.

MATERIALS AND METHODS

Cells and viruses. Mouse 1929 cells were grown in minimal essential medium
(Gibco/Invitrogen, Carlsbad, Calif.) supplemented to contain 5% heat-inacti-
vated fetal bovine serum (Gibco/Invitrogen), 1 mM nonessential amino acids
(Gibco/Invitrogen), and 2 mM L-glutamine (Gibco/Invitrogen). Human HeLa
cells were grown in minimal essential medium (Gibco/Invitrogen) supplemented
to contain 10% fetal bovine serum (Gibco/Invitrogen), 1 mM nonessential amino
acids (Gibco/Invitrogen), and 2 mM L-glutamine (Gibco/Invitrogen). Cell mono-
layers were grown on eight-well glass chamber slides. Type 3 Abney (T3A)
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reovirus was used as wild-type reovirus and is a laboratory stock. Type 3 reovirus
clone 84-MA (T3C84-MA) was used as o1s null mutant reovirus and was originally
isolated via serial passage of T3C84 through murine erythroleukemia cells (34).

Plasmids. A cDNA of reovirus T3A o1s was generated by reverse transcriptase
PCR amplification from purified T3A double-stranded RNA by using primers
specific for the ols ORF. Chicken pyruvate kinase fused to green fluorescent
protein (pEGFP-PK) was a generous gift (38). T3A ols cDNA was cloned
between green fluorescent protein (GFP) and chicken pyruvate kinase by using
HindIII and BglII restriction sites to generate the GFP-o1s-PK vector. Mutation
constructs GFP-No NLS o1s-PK and ols NLS-GFP-PK were derived from
GFP-01s-PK by introducing specific amino acid changes via site-directed mu-
tagenesis.

Transfection. .929 and HeLa cells were grown on glass chamber slides to 80%
confluency. 1929 cell DNA transfections were carried out with the Lipofect-
amine 2000 reagent by a method based on the recommended protocol described
by the manufacturer (Gibco/Invitrogen). HeLa cell DNA transfections were
carried out with the CalPhos mammalian transfection kit (BD Biosciences Clon-
tech, Palo Alto, Calif.) by a method based on the recommended protocol de-
scribed by the manufacturer.

Immunocytochemistry. Posttransfection, cells were washed in phosphate-buff-
ered saline and fixed in fresh 3.7% paraformaldehyde in phosphate-buffered
saline for 15 min (Fischer). Nuclei were visualized with Hoechst 33342 double-
stranded DNA (dsDNA) stain (Molecular Probes, Eugene, Oreg.). GFP fusion
proteins were visualized directly by digital fluorescence microscopy. For indirect
immunofluorescence analysis, L929 or HeLa cells plated on glass chamber slides
were fixed in 3.7% paraformaldehyde for 15 min, permeabilized with 0.1%
Triton X-100-3 to 5% bovine serum albumin overnight at 4°C, blocked in 3 to
5% bovine serum albumin at 25°C for 1 h, and incubated with primary antibody
overnight at 4°C. The antibodies used were as follows: mouse monoclonal anti-
C23 antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, Calif.), mouse
monoclonal anti-nuclear transport factor p97/importin B antibody (1:1,000;
Affinity BioReagents, Golden, Colo.), mAb414 (antinucleoporin antibody)
(1:1,000; Covance/BabCo, Richmond, Calif.), and mouse monoclonal anti-lamin
A and C (anti-LaA/C) (1:500; Covance/BabCo). The hybridoma cell line synthe-
sizing the anti-o1s antibody, 2F4, was a generous gift (34). Anti-o1s was purified
on a protein A column by a method based on the recommended protocol
described by the manufacturer (Pierce, Rockford, Ill.). After being washed, cells
were incubated with secondary horse anti-mouse immunoglobulin G conjugated
to Texas red (1:100; Vector Laboratories, Inc., Burlingame, Calif.) for 1 h at
25°C. Cells were washed, and nuclei were visualized with Hoechst 33342 dsDNA
stain and examined via deconvolution microscopy. Cellular expression patterns
were quantified by examining approximately 100 cells/field. Three independent
cell counts from different fields were normalized for graphing and statistically
analyzed with In Stat version 3.0 (GraphPad, San Diego, Calif.).

Microscopy. Cells for transmission electron microscopy were fixed in 2.5%
glutaraldehyde, postfixed in 2% osmium tetroxide, dehydrated in a graded series
of alcohol solutions, and embedded in epoxy resin. Sections, approximately 80
nm in thickness, were stained with uranyl acetate and lead citrate prior to
examination at 60 kV with a transmission electron microscope (Zeiss EM-10).
Cells for digital fluorescence microscopy were imaged under oil immersion with
a 63X Plan-Apochromate objective (Zeiss Axioplan 2 digital microscope with
Cooke sensiCam 12-bit camera). Cells for digital deconvolution microscopy were
imaged under oil immersion with a 63X Plan-Apochromate objective, and by
using nearest neighbor (Slidebook software; Intelligent Imaging Innovations,
Denver, Colo.), multiple 0.5-pum planes were deconvolved into an image in which
blur and artifact had been digitally removed. Three-view images (x and y cross-
sections) are expansions of deconvolved images in which orthogonal planes can
be seen simultaneously.

Nucleotide sequence accession numbers. The NCBI accession number for
T3A (o1s™ reovirus) is L37677, and the NCBI accession number for T3 C84-MA
(o1s™ reovirus) is U74291.

RESULTS

ols localization during reovirus infection. The subcellular
localization of T3A ols was determined by immunocytochem-
istry and deconvolution microscopy with the ols-specific
monoclonal antibody 2F4. Deconvolution of multiple planes
through x, y, and z axes of reovirus-infected 1.929 cells (Fig. 1A
to C) and reovirus-infected HeLa cells (Fig. 1D to F) at 24 h
postinfection clearly demonstrates the presence of ols in the
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cytoplasm and within nuclear boundaries as evidenced by the x
and y plane cross-section images (Fig. 1A and D). o1s occupies
discrete nuclear subareas as evidenced by the appearance of sep-
arate zones of ols interlaced with distinct areas of chromatin in
the x and y cross-sections (Fig. 1A and D). In infected 1.929 cells
the distributions of o1s in the nucleus and cytoplasm are approx-
imately equivalent (Fig. 1B). However, in HeLa cells ols appears
to preferentially localize to the nucleus (Fig. 1E). The ols local-
ization patterns shown persist through 48 h postinfection.

Active signal-mediated nuclear import of o1s. We expressed
the 14-kDa ols protein as a fusion with the cytoplasmic re-
porter protein, GFP-PK (38) (GFP-01s-PK) (Fig. 2E). The
large size of the GFP-o1s-PK fusion protein ensured that nu-
clear localization was dependent upon active ols signal-medi-
ated nuclear import and was not a result of passive diffusion.
L929 cells were transiently transfected with either GFP-PK
(Fig. 2B to D) or GFP-01s-PK (Fig. 2F to H) and analyzed at
24 h posttransfection via digital fluorescence microscopy. Con-
structs lacking o1s were restricted to the cytoplasm (Fig. 2B).
Insertion of ols resulted in significant redistribution of
GFP-PK to the nucleus (Fig. 2F). ols also imparted nuclear
localization to GFP-PK in HeLa cells (data not shown). The
percentage of cells exhibiting nuclear localization of the re-
porter construct compared to exclusively cytoplasmic localiza-
tion is shown in Fig. 2I.

Examination of the ols nuclear localization pattern in both
reovirus-infected and ols-transfected cells suggested that the
protein was not uniformly distributed throughout the nucleus
(Fig. 2H). We used an antibody against nucleolin to define
nucleolar boundaries during GFP-o'1s-PK transfection of L929
cells. The nuclear expression pattern of GFP-o1s-PK was dis-
tinctly segregated from nucleolar regions (Fig. 2J to L). Using
deconvolution microscopy to image multiple sections through
L1929 cells expressing GFP-o1s-PK in the x, y, and z planes, we
found that GFP-o1s-PK was located both in the cytoplasm and
within nuclear boundaries but was excluded from nucleolar
regions of cell nuclei (Fig. 2 M, top and side panels). These
studies indicate that both transfected o'1s and virion-encoded o1s
synthesized in cells during natural infection can translocate to the
nucleus and that the o1s protein contains an NLS that can me-
diate nuclear localization of a cytoplasmic reporter protein.

A novel ols NLS. Sequence analysis of ols suggested the
presence of a putative o1s NLS, " RSRRRLK?', within a con-
served arginine-rich region (11) near the N terminus of the
protein. In order to ascertain whether this putative ols NLS
was functional, site-directed mutagenesis was performed to
remove residues > RSRRRLK?! from o 1s in the context of the
GFP-01s-PK construct (Fig. 3C, schematic) (GFP-No NLS
o1s-PK). 1929 cells were transiently transfected with GFP-PK
(Fig. 3A), GFP-01s-PK (Fig. 3B), or GFP-No NLS o1s-PK
(Fig. 3C) and analyzed at 24 posttransfection via digital flores-
cence microscopy. Removal of the putative ols NLS signifi-
cantly disrupted ols-mediated nuclear localization of GFP-
o1s-PK (Fig. 3C and E). Similar results were found for GFP-
ols-PK-transfected HeLa cells (data not shown). ols amino
acids ""RSRRRLK?' were then added to the cytoplasmic
GFP-PK protein to determine whether the o1s NLS alone was
sufficient to mediate nuclear localization of the reporter pro-
tein (Fig. 3D) (o1s NLS-GFP-PK). Transfection of 1.929 cells
with o1s NLS-GFP-PK resulted in significant nuclear localiza-
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FIG. 1. ols localizes to the nucleus and cytoplasm during natural virus infection. 1929 cells (A to C) and HeLa cells (D to F) were infected
with reovirus for 24 h and stained with a monoclonal antibody directed against ols. (B and E) Monoclonal antibody staining was followed by a
fluorescein isothiocyanate-conjugated secondary antibody. (C and F) Hoechst 33342 dsDNA stain was used to define the misshapen nuclei of
ols-expressing cells. (A and D) Deconvolution microscopy was used to analyze o1s subcellular and subnuclear localization in multiple x, y, and z
planes in the merged images. o1s localizes to the nucleus in infected cells but does not colocalize with chromatin (A and D).

tion of GFP-PK compared to cells transfected with reporter
protein alone (Fig. 3F). These results indicate that o1s residues
""RSRRRLK?' comprise a novel o1s NLS which is both nec-
essary and sufficient for nuclear localization.

ols-induced nuclear herniations and infection. In our stud-
ies of ols localization we observed that infection of cells with
wild-type reovirus was associated with dramatic alterations in
the shape and distribution of nuclear chromatin (Fig. 1C and
F). In order to determine whether ols was required for these
effects, we tested a ols null mutant reovirus (ols™ virus) for
the presence of similar chromatin abnormalities during viral
infection. The o1s null mutant reovirus is unable to express ols
due to a mutation in the S1 gene segment which introduces a
premature stop codon at amino acid 6 in the ols sequence
(34). In cell culture ols-deficient reovirus grows as well as its
ols™ parent virus and induces equivalent levels of apoptosis
(34) but does not induce G,/M cell cycle arrest due to the loss
of o1s expression (32).

Following infection of HelLa cells with wild-type reovirus
(o1s™ virus), chromatin appeared to be misshapen and decom-
pacted as indicated by heterogeneity in Hoechst 33442 staining
(Fig. 4A). These changes were not seen following ols™ virus
infection, during which Hoechst 33442 staining remained ho-
mogenous and with an undistorted shape (Fig. 4D). These data
suggested that the presence of ols in the nucleus was the cause
of the observed changes in nuclear architecture and chromatin
organization.
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Consistent with the observed irregularities in chromatin or-
ganization, examination of ols™ virus-infected cell nuclei by
differential interference contrast (DIC) microscopy revealed
structural alterations in nuclear shape, which were not seen
during ols™ virus infection (Fig. 4, B and E). In ols~ virus-
infected cells, nuclei were generally round or ovoid with
smooth nuclear contours (Fig. 4E), whereas cells infected with
ols™ virus contained nuclei of irregular shape with marked
nuclear herniations containing DNA (Fig. 4A and B).

Thin-section electron microscopy was used to further exam-
ine the relationship between o1s and the nuclear morphology
of reovirus-infected cells. Consistent with DIC microscopy,
nuclei of ¢1s™ virus-infected HeLa cells were highly lobulated
and misshapen, with prominent nuclear herniations evident
(Fig. 5A). The cytoplasm of both o1s™ virus-infected and o1s™
virus-infected cells showed no changes other then the presence
of replicating reovirus (Fig. 5). The chromatin of both ols™
virus-infected and ols™ virus-infected HeLa cells was sur-
rounded by an intact NE and did not appear to be undergoing
margination or compaction as is characteristic of later stages of
reovirus-induced apoptosis (41).

Since disruption of the NE affects nuclear shape (20), we
used an antibody against importin-g to examine the consis-
tency of the NE framework. The nuclear import receptor im-
portin-B defines both the contoured boundaries of the nuclear
envelope and the integrity of specific nuclear import compo-
nents within the NE by its ability to form an import complex
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FIG. 2. ols imparts nuclear localization to a cytoplasmic reporter protein and does not localize to the nucleolus. (A) Schematic of GFP-PK
fusion protein. (E) Schematic of GFP-o1s-PK fusion protein. (B to D and F to H) 1.929 cells were transiently transfected with GFP-PK (B to D)
or GFP-01s-PK (F to H). Hoechst 33342 dsDNA stain was used to define nuclei (C and G). Arrowheads indicate localization of fusion proteins.
GFP-01s-PK significantly (*) (P < 0.001) localized to the nucleus (I) and did not colocalize with misshapen chromatin (G and H). (J to M)
GFP-o1s-PK-transfected L1929 cells were stained with a monoclonal antibody directed against nucleolin followed by a Texas-red conjugated
secondary antibody to demonstrate that GFP-o1s-PK does not localize to nucleolar regions. Deconvolution microscopy was used to analyze
subcellular and subnuclear localization in multiple x, y, and z planes (top and side bars in panel M).
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FIG. 3. ols contains a novel NLS (*?’RSRRRLK?!) that is necessary and sufficient for nuclear import. L929 cells were transiently transfected
with GFP-PK (A), GFP-o1s-PK (B), GFP-No NLS ¢1s-PK (C), or 1s NLS-GFP-PK (D) and analyzed via digital florescence microscopy. Removal
of the o1s NLS from GFP-o1s-PK resulted in significant (*) (P < 0.001) loss of nuclear localization (E) while addition of the o1s NLS resulted
in significant translocation to the nucleus (F). o1s amino acids " RSRRRLK?! comprise a previously undiscovered NLS.
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FIG. 4. ols nuclear localization induces nuclear herniations during natural virus infection and ols transfection. HeLa cells were infected with
wild-type reovirus (o 1s™ virus) (A to C) or o1s null reovirus (o1s~ virus) (D to F) for 24 h. Hoechst 33342 dsDNA stain was used to define nuclei
(A, D, G, and J). ols™ virus-infected cells induced localized disruption in nuclear morphology (arrowheads in panel B) and chromatin staining
(arrowheads in panel A) compared to cells infected with the mutant reovirus that does not produce o1s (D and E). The nuclear envelope remained
intact in o1s™ virus-infected cells and displayed areas of importin-§ clustering, suggestive of NPC clustering (arrowheads in panel C) while o1s™
virus-infected cells retained typical nuclear morphology, chromatin, and importin- staining (D to F). GFP-ols-PK-transfected HeLa cells
displayed identical alterations in nuclear morphology, chromatin staining, and importin-g clustering (arrowheads in panels G to I) compared to
cells expressing o1s only in the cytoplasm (J to L). ols induces disruption in nuclear morphology (arrowheads in panel H), chromatin staining
(arrowheads in panel G), and importin-g (arrowheads in panel I) only when localized in the nucleus.

containing NLS-containing protein cargo, dock the import
complex at the cytoplasmic face of the NPC, and release it at
the nucleoplasmic face of the NE (7). In ols™ virus-infected
cells, importin-B staining showed that the NE remained intact
and encompassed the altered nuclear contour (Fig. 4C). Con-
sistent with spacing of NPCs throughout the NE, importin-
staining maintained a punctate pattern throughout the NEs of
ols™ virus-infected cells (Fig. 4F). In contrast, in ols™ virus-
infected cells, importin-B staining showed a pattern of areas of
dense positive staining localized to the cytoplasmic face of
nuclear herniations, which is suggestive of clustered NPCs at
nuclear herniation sites (Fig. 4C).

ols nuclear import and nuclear herniations. The conclusion
that virally encoded ols expressed during infection induces
nuclear herniations is further strengthened by the finding that
identical alterations in NE morphology were seen when ols
was expressed alone. As seen with viral infection, GFP-o1s-PK
transfection of 1.929 cells (Fig. 2G) and HeLa cells (Fig. 4G)
induces chromatin abnormalities. When ols was inhibited
from entering the nucleus due to removal of the ols NLS
(GFP-No NLS o1s-PK) the nucleus maintained the smooth
contour and unaltered symmetric morphology of nontrans-

fected cells and the chromatin remained of a uniform and
undistorted shape (Fig. 4] and K). By contrast, nuclear expres-
sion of o1s grossly altered the nuclear contour and chromatin
staining intensity and shape (Fig. 4G and H). Despite the
presence of an altered nuclear shape seen in the DIC image
induced by ols nuclear localization (Fig. 4H), the NEs of
GFP-o1s-PK-expressing cell nuclei remained intact and en-
compassed the altered nuclear contour (Fig. 4I). Similarly to
ols™ virus-infected cells, GFP-o1s-PK-expressing cells exhib-
ited cytoplasmic clustering of importin-f in areas of nuclear
herniations (Fig. 41), again suggesting that although NPCs are
positioned throughout the NE, they appear to be clustered
within areas of nuclear herniations. In summary, both ols
transfection and ols expression during natural virus infection
induced nuclear herniations distinguished by misshapen chro-
matin, abnormal nuclear morphology, and importin-8 cluster-
ing. These data indicate that ols is both necessary and suffi-
cient for herniation development and that the appearance of
nuclear herniations required the presence of ols in the nuclei
of cells.

NPC clustering and nuclear lamina disruption. As sug-
gested by the pattern of importin-f staining, antibodies to NPC
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FIG. 5. olsinduces nuclear herniations during natural virus infection. HeLa cells were infected with wild-type reovirus (o1s™ virus) (A) or ols
null reovirus (o1s™ virus) (B) for 24 h. Thin-section electron microscopy was used to image nuclear architecture changes induced by o1s expression.
ols induces nuclear herniations (arrowheads in panel A). Both wild-type and o1s null reovirus are present in the cytoplasm (arrows).

proteins (nucleoporins) confirmed clustering of NPCs in areas
of ols-induced nuclear herniations. Nucleoporin labeling of
cells lacking o1s in the nucleus (GFP-No NLS ¢1s-PK) showed
uninterrupted punctate NE rim and NE surface staining char-
acteristic of the regular distribution of NPC (2) throughout the
NE (Fig. 6D to F and J to L). Conversely, cells in which ols
was expressed in the nucleus (GFP-o1s-PK) exhibited cluster-
ing of NPC in areas of o1s-induced nuclear herniations seen at
both the rim and the surface of the NE (Fig. 6B and H).
Although some rim-like NPC staining was apparent in nuclei
of these cells (Fig. 6B), the remainder of the NE was usually
barren of NPC (Fig. 6B). This can be seen more directly by
looking at the surface of the nucleus in which the NE was
depleted of NPCs in specific areas (Fig. 6H) balanced by others
areas with clustered NPCs near herniation sites (Fig. 6H),
while minor regions of the NE appeared to have NPCs in a
regular distribution.

An intact nuclear lamina helps govern correct spacing of
NPCs and helps maintain normal nuclear shape (13, 21, 23).
The type V intermediate filament proteins lamins A and C are

major components of the nuclear lamina and polymerize in
various ratios to form a filamentous scaffold which maintains
nuclear shape and integrity (24, 39). The observed ols-medi-
ated abnormalities in nuclear shape and o1s-induced clustering
of NPC and herniation development could result from pertur-
bation of the nuclear lamina organization. A monoclonal an-
tibody against A-type nuclear LaA/C was used to stain HelLa
cells transfected with GFP-o1s-PK (Fig. 7A to C) or GFP-No
NLS o1s-PK (Fig. 7D to F) constructs. In contrast to the round
or ovoid nuclei of nontransfected cells (data not shown) or to
GFP-No NLS ol1s-PK-transfected cells, which display normal
continuous nuclear rim LaA/C staining (Fig. 7F), GFP-o1ls-
PK-expressing cell nuclei displayed marked abnormalities in
the A-type lamina network (Fig. 7C). Within the nucleus, ols
induced highly localized defects in the nuclear lamina at sites
of herniations, which appeared as LaA/C gaps (Fig. 7C). In
addition, LaA/C accumulated at other points throughout the
nucleus, sometimes at the base of herniations, as seen by in-
creased intensity of LaA/C staining (Fig. 7C). Thus, both the
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FIG. 6. Nuclear localization of o1s induces NPC clustering. HeLa cells were transfected with GFP-o1s-PK (A to C and G to I) or GFP-No NLS
o1s-PK (D to F and J to L). Digital microscopy of NPC nucleoporin-labeled cells expressing GFP-a1s-PK (A and G) showed clustering of NPCs
at the surface of the nucleus (arrowheads in panel H) and at the nuclear rim (arrowheads in panel B), while some areas of the NE were depleted
of NPC (arrows in panels B and H). Cells in which o1s is expressed but is not able to translocate to the nucleus (D and J) showed conventional
NPC staining (E and K). Hoechst 33342 dsDNA stain was used to define nuclei (C, F, I, and L).

A-type lamina network and NPCs are perturbed by the trans-
location of ols into the host cell nucleus.

DISCUSSION

Cytoplasmic reovirus infection profoundly affects the host
cell nucleus and its functions (9, 30-32, 41). Recently, we have
shown that ols plays a key role in determining host cell nu-
clear function by its capacity to modulate virus-induced G,/M
cell cycle arrest in infected cells (31, 32). We now show that
the ols protein localizes to the nucleus in both infected
and transfected cells. Nuclear import of ols occurs by an
active, NLS-mediated mechanism involving a novel o1s NLS,
""RSRRRLK?!, that is both necessary and sufficient for ols
nuclear localization.

Upon entering the nucleus, ols induces disruptions in chro-
matin organization, NPC distribution, and nuclear lamina or-
ganization, which result in profound distortion of nuclear mor-
phology and in the appearance of a novel type of nuclear

herniation containing both ols and cellular DNA (Fig. 6A and
G and 7A). Both NPCs and the A-type lamina network lose
their normal homogenous distribution and become irregularly
clustered in specific areas of the NE and subsequently absent
from others. It is unclear which of these two disturbances is
primary. Although the primary means of herniation develop-
ment has yet to be determined, ols-induced nuclear hernia-
tions represent a novel type of virus-induced perturbation of
nuclear structure.

Perturbation of the nuclear lamina can grossly alter nuclear
shape, induce nuclear herniations and NPC clustering, and
alter chromatin organization (10, 13, 21, 23, 36, 42). Vigouroux
et al. reported that skin fibroblasts from patients bearing mu-
tations in LaA/C possess nuclei with prominent NE herniations
deficient in NPCs and exhibit aberrant chromatin staining (42).
Loss of lamin expression in Caenorhabditis elegans or Drosoph-
ila mutants results in spatial disorganization of NPCs, nuclear
herniations, chromatin disorganization, and cell cycle inhibi-
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FIG. 7. Nuclear localization of ols induces disorganization of the A-type nuclear lamina network. HeLa cells were transfected with GFP-
o1s-PK (A to C) or GFP-No NLS o1s-PK (D to F). Digital microscopy of LaA/C-labeled cells expressing GFP-o1s-PK showed delamination of
the A-type nuclear lamina network (arrowheads in panel C). Cells in which ols is expressed but is not able to translocate to the nucleus showed
conventional LaA/C staining (F). Hoechst 33342 dsDNA stain was used to define nuclei (B and E).

tion (21, 23). Like these lamin-based nuclear herniations, o1s-
induced nuclear herniations display similar patterns of lamina
disorganization, chromatin staining, and NE shape abnormal-
ities. However, NPC clustering is a prominent feature of ols-
induced herniations, and although NPC clustering is a result of
lamin-based nuclear architecture abnormalities in the C. el-
egans and Drosophila systems (21, 23), this has not yet been
described for mammalian cells.

An alternative explanation for our findings is that altered
NPC structure and distribution may trigger disorganization of
the nuclear lamina and its attached chromatin, resulting in the
development of nucleoporin-based nuclear herniations. NPCs
form an immobile network within the NE and are tethered by
the nuclear lamina (8, 21, 23, 39). Wente and Blobel suggested
a model in which perturbation of the N terminus of nucleo-
porin 145p (nup145p) resulted in an irregular NPC distribu-
tion, NPC clustering, and multilobulated nuclei with irregular
chromatin organization (43). They suggested that loss of the N
terminus of nup145p left the NPC unanchored and allowed it
to diffuse into the NE, resulting in NPC clustering and nuclear
shape abnormalities (43). In yeast two-hybrid experiments, we
found that ols interacted with mammalian nucleoporin p54
(nup54) (unpublished observation). This suggests the possibil-
ity that o1s may interact with nup54 and destabilize the NPC
structure within the NE, allowing the unanchored NPC to
migrate and cluster with other destabilized NPCs within the
NE. One consequence of the abnormal migration of NPCs is
that the attached lamina could become strained and disorga-
nized, in turn altering nuclear morphology and chromatin or-
ganization. This model is supported by our data, which show
that, similar to the case for nupl145pAN herniations, ols ex-
pression induces misshapen lobulated nuclei with prominent
nuclear herniations, clustered NPCs, and aberrant chromatin
staining.

Regardless of whether o1s-induced nuclear herniations arise
from a primary lamina disorganization event or from a primary
disturbance in NPC structure, it is interesting to speculate
about their potential biological significance. Reovirus infection

leads to a G,/M cell cycle arrest in infected cells and is asso-
ciated with alteration of the activity and phosphorylation status
of key G,/M regulatory proteins (31). The phosphorylation
state and consequent enzymatic activity of many G,/M proteins
are in part dependent upon their subcellular compartmental-
ization (29). Interestingly, even though reoviruses (which un-
dergo cytoplasmic viral replication) and retroviruses (which
undergo nuclear viral replication) differ dramatically in their
replicative strategies and structural organizations, the human
immunodeficiency virus type 1 Vpr protein has many func-
tional parallels with reovirus ols, including the capacity to
induce both G,/M cell cycle arrest and nuclear herniations in
infected and transfected cells (10, 31-33). It has recently been
suggested that Vpr-induced nuclear herniations may serve to
dysregulate the compartmentalization of G,/M cell cycle pro-
teins (10). Perhaps ols plays an analogous role in reovirus-
infected cells. Both Vpr (10)- and ols-induced nuclear hernia-
tions are characterized by the disorganization of the nuclear
lamina and chromatin architecture, yet ols-induced nuclear
herniations consistently display clustering of NPCs at or near
herniation sites, establishing them as a unique type of virus-
induced nuclear alteration. It is possible that this disorganiza-
tion itself plays a role in disrupting cell cycle regulation. C.
elegans lamin mutants have both abnormal nuclear morphol-
ogy and the inability to complete the cell cycle (23), and
Xenopus extracts with disrupted nuclear lamin organization
undergo DNA synthesis arrest, in turn prohibiting mitotic pro-
gression (25). Taken together, these findings suggest that ols
may alter nuclear architecture to affect G,/M arrest by either
herniating the nucleus or disrupting nuclear lamina organiza-
tion.

Mechanisms of virus-induced cytopathic effects in infected
host cells are complex and only partially defined. Our work
presented here identifies a new type of virus-mediated alter-
ation of nuclear architecture and a novel form of virus-induced
cytopathic effect. Virus-induced nuclear herniations may well
influence regulation of cellular behavior and gene expression
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from the nucleus and ultimately disease pathogenesis in the
infected host.
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